Type 1 interferons such as interferon-alpha (IFNα) inhibit replication of Human immunodeficiency virus (HIV-1) by upregulating the expression of genes that interfere with specific steps in the viral life cycle. This pathway thus represents a potential target for immune-based therapies that can alter the dynamics of hostvirus interactions to benefit the host. To obtain a deeper mechanistic understanding of how IFNα impacts spreading HIV-1 infection, we modeled the interaction of HIV-1 with CD4 T cells and IFNα as a dynamical system. This model was then tested using experimental data from a cell culture model of spreading HIV-1 infection. We found that a model in which IFNα induces reversible cellular states that block both early and late stages of HIV-1 infection, combined with a saturating rate of conversion to these states, was able to successfully fit the experimental dataset. Sensitivity analysis showed that the potency of inhibition by IFNα was particularly dependent on specific network parameters and rate constants. This model will be useful for designing new therapies targeting the IFNα network in HIV-1-infected individuals, as well as potentially serving as a template for understanding the interaction of IFNα with other viruses. Author Summary Interferon-alpha (IFNα) is a key component of the host response to HIV-1, but the details of how IFNα regulates infection are still incompletely understood. To provide a deeper understanding of the dynamics of how IFNα inhibits HIV-1, we simulated the interaction of IFNα and HIV-1 as a computational model and compared this model to an experimental dataset. We identify a model structure that is able to fit many key features of the data. Furthermore, we use the model to predict optimal strategies for targeting the IFNα pathway therapeutically. We anticipate that this model will be useful for further analysis of HIV-IFNα interactions and will help to guide new therapeutic strategies.
The application of mathematical modeling to HIV-1 dynamics during acute and chronic infection has been highly successful at improving our understanding of the basic features of clinical infection. In particular, fundamental insights into the response to antiviral therapy, and the existence of multiple long-lived virus reservoirs have been revealed [3] [4] [5] [6] . In early models, the extent of infection was typically limited by target cell abundance, although more recent HIV-1 models have also considered the impact of virus-specific CD8 T cells [7, 8] . However these models have not yet included the impact of the host innate immune system.
A key component of the host innate response to HIV-1 infection is the type 1 interferon (IFN) system [9, 10] . In humans, type 1 IFNs consist of a family of related cytokines including 13 subtypes of IFNα, and two subtypes of IFNβ, that are secreted in response to stimulation of microbe-sensing pattern-recognition receptors such as Toll-like receptors (TLRs), RIG-I-like receptors (RLRs) and NOD-like receptors (NLRs) [11] . Type 1 IFNs bind the IFNα receptor (IFNΑR) and activate phosphorylation of the signaling molecules STAT1 and STAT2, which then bind to Interferon regulatory factor 9 (IRF9) to form the Interferon-stimulated gene factor 3 (ISGF3) complex [12] . ISGF3 then binds to conserved Interferon-sensitive response elements (ISREs) found upstream of interferonsensitive genes (ISGs) [13] . Dozens of ISGs are upregulated by IFNα, the function of which only a few are clearly understood [14] . Overall, IFNs create an antiviral state that can either prevent de novo infections, or inhibit later stages of virus replication in cells, such as assembly and egress.
IFNα is detectable in the plasma during acute HIV-1 infection, and this cytokine is predominantly secreted by plasmacytoid dendritic cells (pDCs). pDCs detect HIV-1 via the single-stranded RNA sensor TLR7, and secrete high levels of IFNα due to constitutive expression of the Interferon regulatory factor 7 (IRF7) transcription factor [15, 16] . A number of ISGs have been shown to have anti-HIV-1 activity [17] . In particular, Tripartite motif-containing 22 (TRIM22) and Myxovirus resistance protein 2 (MX2) inhibit early stages of infection [18, 19] , while other ISGs such as Apolipoprotein B mRNA editing enzyme, catalytic polypeptide-like 3G (APOBEC3G) and Tetherin target later stages of infection, such as virus release or the infectivity of virus particles [20, 21] . Furthermore, IFNα inhibits HIV-1 replication in tissue culture and blockade of IFNα during Simian immunodeficiency virus (SIV) infection leads to higher virus levels in vivo [10] .
Due to its HIV-1-inhibiting properties, IFNα has attracted interest as a therapeutic target for HIV-1 infection. However, treatment of HIV-1 patients with recombinant IFNα has produced inconsistent and disappointing results, with only modest effects on virus levels being observed [22] [23] [24] . However, since the structure of the IFNα inhibitory network, as well as the parameters that regulate its activity are poorly understood, a better understanding of the underlying dynamics of this response may lead to improved and more effective IFNα-based therapies. For example, dynamical models may help pinpoint which molecular components of the IFNα inhibition network will achieve the most potent or most durable results. Furthermore, modeling approaches have previously been applied to the interaction of Hepatitis C virus (HCV) with peggylated IFNα, and have yielded valuable insights [25] [26] [27] .
To achieve this goal, we simulated the inhibition of HIV-1 by IFNα using a dynamical system modeling approach, and tested this model in a well-defined experimental system.
In our model, IFNα interacts with both HIV-1-infected and uninfected cells to induce a reversible state of blocked infection, and we demonstrate that this model makes testable predictions about how specific network parameters may be targeted to achieve maximal inhibition of HIV-1.
Results:
IFNα inhibits spreading HIV-1 infection.
To generate an experimental dataset against which different models can be tested, we performed experiments with a tissue culture model of spreading HIV-1 infection. CEM-5.25 cells are a human CD4 T cell line that are susceptible to HIV-1 infection and contain an integrated HIV-1 long terminal repeat-Green fluorescent protein (LTR-GFP) reporter cassette [28] . Infected cells express GFP due to the viral Tat protein permitting transcription of GFP from the integrated LTR. This allows us to distinguish HIV-1infected cells (GFP+) from uninfected cells (GFP-). CEM-5.25 cells were infected with HIV-1, and both cell and supernatant samples were then isolated at 24h intervals for 72h post infection. Cells samples were analyzed by flow cytometry to determine 1) absolute cell numbers and 2) the percentage of HIV-1-infected (% GFP+) cells. Infectious virus in the supernatant was quantified by focus-forming assay using GHOST-X4 reporter cells [29] . In infected cell cultures, the % GFP+ cells, as well as the concentration of infectious HIV-1 in the supernatant, rises exponentially until 3dpi ( Fig. 1B,C) . By day 3, total cell levels decline due to infection-induced cytopathic effect ( Fig. 1A ). 1E ) and infectious HIV-1 in the supernatant (Fig. 1F) , as well and an increase in overall cell density at later timepoints ( Fig 1D) . Interestingly, inhibition of HIV-1 by IFNα exhibits two key features -firstly that the inhibition curve is very broad -with differential inhibition being observed for IFNα concentrations over several orders or magnitude (from 2pg/mL to 20ng/mL), and secondly, that inhibition of HIV-1 increased only minimally above 2ng/mL, suggesting that inhibition saturates at higher IFNα concentrations. 50% inhibition of infection, as measured by infectious HIV-1 concentration at 3dpi, was achieved between at 0.02ng/mL and 0.2ng/mL ( Fig. 1F ).
Model of IFNα inhibitory network.
We constructed a dynamical system that models the dynamics of CD4 T cells and their interaction with both HIV-1 and IFNα ( Fig.  2 , Table  1 ). This model shares a number of features with a model previously used to analyze the IFNα response to influenza infection [30] . In this system, the initial species are HIV-1 (H), CD4 T cells (C) and IFNα (I).
HIV-1 can infect CD4 T cells to generate infected cells (CH) at a rate proportional to the concentrations of HIV-1 and CD4 T cells, via the infection rate constant (k5). Infected cells secrete infectious HIV-1 (H) at a constant rate (k6). IFNα can bind to uninfected (C) or infected cells (CH) and convert them into refractory cells (CI) that cannot be infected, or infected-inhibited cells (CHI) that no longer release virus, respectively. The rate of this conversion is determined by the concentrations of susceptible cells and IFNα, as well as the k2 and k8 rate constants. Since the effects of IFNα on cells are reversible, CI and CHI revert at an intrinsic rate (k3) to C or CH respectively. H and I each have their own intrinsic decay rates that were measured separately (k7 and k9) ( Fig. S1 ). For these studies, an immortalized CD4 T cell line (CEM 5.25) was used that divides continuously and has an intrinsic death rate that is negligible when maintained at subconfluency. By contrast, HIV-1-infected cells (CH and CHI) cells die at an intrinsic rate due to the cytopathic effect of HIV-1 infection (k4). All CD4 T cell subsets divide at an intrinsic rate to generate additional cells of the same type. The replenishment rate of all CD4 T cells was modeled with the same rate for all subspecies (k1), which was experimentally determined by parameter fitting. CD4 T cells are replenished at a rate proportional to the number of cells, leading to exponential growth (k1). HIV-1 particles infect cells (k5), and infected cells die at an inherent rate (k4). IFNα inhibits infection by converting uninfected cells (C) and infected cells (CH) into states in which they cannot be infected (CI), or which longer release infectious virus (CHI) (k2), and this rate is also governed by a saturating rate constant (k8). Both these states are reversible, and without continued IFNα exposure, CI and CHI revert to C and CH respectively (k3). Infected cells (CH) secrete HIV-1 at a continuous rate (k6). Both HIV-1 and IFNα have their own natural decay rates (k7 and k9 respectively). One key element of our model was the inclusion of a Michaelis-Menten saturating rate constant (k8) for the conversion of C to CI and CH to CHI. As such, the conversion rate of C to CI and CH to CHI saturates for high I concentrations, due to k8. Previous models of IFNα interaction with virus infection do not include saturation for conversion to an inhibited state [30] , and this therefore represents a novel feature of this model.
Our system of equations is thus:
Derivation of parameter estimates.
First, the biological decay rates for HIV-1 (k7) and IFNα (k9) were experimentally determined separately and assumed to be invariant in the different conditions ( Fig. S1 ).
We then estimated all seven remaining parameters (k1 through k6 and k8) and the initial CD4 T cell count C(0) using the 72h timecourse data. In particular, we estimated these parameters by minimizing the weighted sum of squared distances between each observation and the corresponding model prediction. Using our experimental data, we cannot directly distinguish between individual uninfected subspecies (C and CI) or infected subspecies (CH and CHI). Thus, the observed cell species, GFP+ and GFP-cells, were assumed to represent the sum of CH and CHI, and the sum of C and CI, respectively.
We compared the basic model (Model 1) to several variants of the model to determine which could more accurately fit the dataset, and to identify the features that make important contributions to model accuracy. For Models 1, 3 and 4, the rate of conversion to inhibited cell states saturates due to the inclusion of the k8 rate constant, while for models 2, 5 and 6 we take the conversion rate of C to CI and CH to CHI as linearly proportional to I, as has been done in previous models of IFNα interaction. For Model 3, cell division was restricted to uninfected CD4 T cells that had not been exposed to IFNα (C). For Model 4, we only considered the interaction of IFNα with uninfected CD4 T cells, and ignored inhibition of previously infected cells -meaning that the CHI species was eliminated from the model. For Model 5, the death rate (k4) for the CHI species was modeled as distinct from the death rate of CH, while for Model 6, the interconversion rate constants (k2 and k3) between uninhibited and inhibited states were distinct for infected and uninfected cells. Different model configurations are described graphically in Figure   S2 .
The accuracy of the model fits were compared between these six different model configurations ( Table 2) . Notably, we found that inclusion of the saturation constant for Estimated parameter values for the model rate constants were determined for all six model variants ( Table 3 , Table S1 ). Estimates for most parameters except k2, k3 and k8
were similar between Model 1 (saturating) and Model 2 (linear). However, compared to Model 1, Model 2 exhibited a significantly lower k2 estimate and a higher k3 estimate.
Also, the predicted concentrations for each individual CD4 T cell species were calculated from the best fit for both Model 1 and Model 2. Notably, for most concentrations of IFNα, Model 1 predicts a higher proportion of cells in the inhibited states compared to Model 2, although both models predict that the majority of inhibited cells are uninfected over the range of IFNα concentrations tested ( Fig S4) . To further investigate the performance of our model, we re-plotted the data for HIV-1 levels, % GFP+ cells, and total cell concentration, at 3dpi, against different IFNα concentrations, and compared to model predictions (Fig. 4) . Significantly 
Differential effects of inhibitory parameters on the potency of IFNα.
Using the saturating default model, we examined the sensitivity of biologically significant outcomes of the model to specific parameters -particularly the parameters that regulated the IFNα-related component of the network (k2, k3 and k8). To measure the outcome of parameter scanning, we calculated the HIV-1 concentration at 3dpi as a function of IFNα concentration with different parameter values over a range of 10 fold higher or lower than our estimated values. As expected, increasing the rate at which
IFNα converts CD4 T cells to an inhibited state (k2), and decreasing the reversion rate (k3), both individually resulted in lower total HIV-1 amounts at most concentrations of IFNα ( Fig  5A) . Modulating the saturation rate constant (k8) had negligible effect on HIV-1 levels at higher IFNα concentrations, but modulated the IFNα threshold at which saturation is achieved. Thus, although the inclusion of a saturation constant greatly improved accuracy of the model, the outcome of infection is less sensitive to the value of this parameter than for k2 and k3 at higher IFNα concentrations.
To describe the effects of IFNα on HIV-1, two metrics have previously been used -the IC50, that is, the IFNα concentration that results in 50% of maximal inhibition, and the Vres, which is the percent residual HIV-1 replication at the maximal IFNα concentration [31] . Based on our simulations, we observe a clear differential effect of k2, k3 and k8 on and Vres, namely that k2 and k3 strongly affect Vres, while k8 does not ( Fig 5B) .
Interestingly, increased k2 values and decreased k3 values both reduced the IC50 of IFNα, while scaling these parameters in the opposite direction had little effect. By contrast, both higher and lower k8 values affected the IC50, with lower k8 leading to a lower IC50, and higher k8 leading to a higher IC50. Overall, we conclude that Vres is determined by the balance of k2 and k3, while IC50 is determined by the combined effect of k2, k3 and k8.
Thus our model makes testable predictions about how these specific network parameters
affect IFNα inhibition of HIV-1. approaches [30, [32] [33] [34] , a saturating rate constant for inhibition of infection has not been a standard assumption of these models. A similar study that considered inhibition of influenza by IFNα found that a linear inhibition model, in which IFNα affects uninfected cells only, was able to successfully fit experimental data, suggesting that models of IFNα interaction with viruses may require virus-specific dynamics [30] .
This model could be useful for the design of novel therapies for HIV-1 that target the IFNα pathway. Notably, our model recapitulates the observation that IFNα has a broad HIV-1-inhibition curve, meaning that changes in IFNα concentration over several orders of magnitude have only partial effects on HIV-1 levels. However, sensitivity analysis of the network rate constants indicates that modulation of the k2 and k3 rate constants can lead to a dramatically more potent inhibition of HIV-1 for a given IFNα concentration.
By contrast, the value of the saturation rate constant (k8) has a lesser effect on the course of infection for most IFNα concentrations. As such, our model predicts that clinical modulation of k2 and k3 could prove more beneficial than simply boosting total IFNα levels by a similar factor or by modulating k8.
In order to design therapies that can target the biological processes controlled by these rate constants, it will be critical to identify the molecules that govern them. The signaling pathway and transcriptional response to IFNα have been extensively characterized, and the identities of many of the participating molecules have been described [14] . The rate of conversion to inhibited states (k2) could reflect features such as the abundance of the IFNΑR receptor, the expression level of IFNα signaling factors such as STAT1/2 and IRF9, as well as the transcription/translation rate for antiviral effector proteins. The reversion rate (k3), by contrast, is likely determined by the off-rate for ISGF3 detachment from the IRSE sequences in the promoters of ISGs, and/or the degradation rate for antiviral effector proteins in the cytoplasm. The requirement for a saturating rate constant (k8) to accurately fit our dataset could reflect any rate-limiting process in the generation of an 'inhibited' cell. Factors that contribute to these rate constants could potentially be experimentally identified by manipulating expression of known components of this pathway, and examining the impact on the network behavior.
Novel therapies designed to target these rate constants could involve boosting or reducing the expression/activity of these key factors.
The application An important consideration for IFNα-related therapy is that IFNα may play different and potentially opposing roles at different times during HIV-1 infection. Recent data suggest that while IFNα and pDCs do indeed limit HIV-1/SIV levels during early infection, they may also promote CD4 T cell depletion at later times, possibly due to IFNα-induced upregulation of apoptosis [39] . However, administration of high doses of IFNα to SIV-infected African green monkeys, which naturally tolerate infection, does not enhance CD4 T cell loss or pathogenesis [40] . Furthermore, blockade of IFNα signaling in SIVinfected Rhesus Macaques leads to higher viral loads and more rapid disease progression [10] . Therefore, it is unclear if future models of IFNα's role in clinical infection will have to incorporate this feature of IFNα's behavior in order to accurately model the disease process.
Our model should also be considered in the light of some inherent caveats. Natural killer (NK) cells or lymphocytes [41, 42] . Also, the results of this manuscript rely on an immortalized cell line that may behave differently than primary human CD4 T cells in vivo. Furthermore, HIV-1 employs several countermeasures against inhibitory ISGs, and different virus strains may exhibit differential sensitivity to IFNα [31] . Currently this model does not consider the contribution of endogenous IFNα to the course of infection.
In vivo, the endogenous IFNα response is driven by plasmacytoid DCs (pDCs), and future development of this model to analyze clinical data from HIV-1 patients will likely require the incorporation of pDCs and endogenous IFNα. Our model also makes several assumptions that may not fully reflect details of HIV-1 infection, such as assuming that infected and uninfected CD4 T cells have equivalent division rates.
Nevertheless, this study represents the first attempt to analyze the interaction of the innate immune system with HIV-1 from a computational perspective, and demonstrates that quantitative estimates for the parameters that regulate IFNα's potency can be derived from experimental data. As such, these findings should serve as a valuable starting point for future studies investigating the dynamics of the host innate immune response to HIV-1.
Materials and methods:
Cells and viruses. For experimental infections, CEM-5.25 cultures were first exposed to IFNα for 6 hrs, then infected with NL4-3 at a multiplicity of 0.1 focus-forming unit per cell for 1hr. The virus inoculum was then removed and replaced with fresh media containing IFNα. The infected cells were then plated in 96 well plates at approximately 100 cells/uL. At 24h intervals a small fraction of the media (10%) was removed and replaced with media containing fresh IFNα.
Focus forming assays.
GHOST-X4 cells were plated at 10000 cells per well in a 96 well plate. A ten-fold dilution series of each supernatant sample was made and 100ul of each dilution was used to innocculate GHOST-X4 cells. At 3dpi, the supernatant was removed and the cells were fixed in 4% paraformaldehyde (PFA). The plate was then analyzed by fluorescence microscopy and the number of GFP+ foci per well was counted. This was then used to calculate the concentration of focus-forming units (FFU) per mL in each of the original supernatant samples.
Flow cytometry
Cell samples from infected CEM-5.25 cultures were fixed in 2% PFA for 20 minutes, then diluted in phosphate buffered saline (PBS) and analyzed on an Accuri C6 flow cytometer. The total concentration of CD4 T cells, and the percentage of infected cells (% GFP+), was calculated for each original sample.
Interferon
Human IFNα2a was obtained from Sigma Aldrich, reconstituted in PBS, and stored at -80C.
Computational analyses.
Model fitting, simulation, and other computational analyses were done using the Python programming language. The system of differential equations was integrated using SloppyCell [43] . Model fitting was done by solving a weighted nonlinear least squares problem. Let xijlt represent the data collected for species i at interferon level j, in replicate l at time point t. Let yijt(k) be the corresponding model prediction for that species, interferon level, and time point, with parameters k. The weighted least squares problem is to minimize the fit error:
The measurement variance, σij 2 , was estimated by first measuring the variance across replicates at each time point, and then averaging these variances over time points. The nonlinear squares problem was solved using random-restart optimization. For each random-restart run, optimization was doing using the L-BFGS-B optimization routine [44, 45] . Optimization was started from 25 randomly selected initial values, and then the final parameters were chosen as those that produced the lowest cost across all 25 runs.
Confidence intervals for the best-fit parameters were found using the profile likelihood method [46] . The parameter confidence intervals reported here are simultaneous 95% confidence intervals.
Model comparison was done using two complementary methods: AIC and nonparametric confidence intervals on fit error. AIC provides a model comparison that incorporates the number of parameters, but requires assuming a normal noise model. Nonparametric confidence intervals were estimated using the percentile bootstrap, so do not require any assumption about the noise distribution. To determine if a difference in fit error between two models was statistically significant at the p<0.05 level, 95% confidence intervals were computed for the difference in fit errors. If this 95% confidence interval contained zero, it indicated that the difference in model fit was not statistically significant at the 0.05 level. If the confidence interval did not contain zero, it indicated that the difference in model fit was statistically significant.
